Introduction
Among patients with acute myocardial infarction (AMI), ventricular fibrillation (VF) is one of the most frequent causes of death during the first few hours from the onset of AMI. Immediate defibrillation to terminate VF is the most important life-saving procedure for these patients. According to the 2010 American Heart Association Advanced Cardiac Life Suppor t (ACLS) protocol, continuous chest compression, and intravenous administration of epinephrine and amiodarone should be given. Defibrillation with maximal shock energy should be repeated every two minutes, and the underlying reversible causes of refractory VF should be sought. 1 We report a case of "shock-resistant" VF due to incorrect paddle position and inadequate paddle force. By checking the skin marks, an emergency physician could make a correct diagnosis within a few seconds and save a patient.
Case
A 42-year-old man came to our emergency department (ED) for prolonged severe chest pain, which resolved upon arrival at the ED. The first electrocardiogram (ECG) revealed no ST elevation or ischaemic ST-T changes, but the serum troponin-I and CK-MB (creatine kinase-MB) levels were slightly elevated. Other biochemistry tests were within normal range. He was treated as a case of acute coronary syndrome and was asked to stay at the ED to have repeated blood tests for troponin-I and CK-MB levels six hours later. The patient collapsed suddenly when he experienced recurrent severe chest pain again two hours after arrival. VF was diagnosed and the patient was resuscitated according to the ACLS protocol. Defibrillation shocks were delivered immediately. However, the VF was refractory to defibrillations. A total of 13 shocks (360 joule-watts, monophasic waveform) were delivered, together with intravenous administration of epinephrine, amiodarone, and xylocaine. All these treatments failed to terminate the VF. A cardiologist was called to manage the patient. On arrival to the scene, he noticed the skin marks, caused by defibrillation shocks, on the patient's chest wall ( Figure  1A and 1B) and suspected that the shock-resistant VF might be due to ineffective defibrillations. He took over the defibrillation procedure. The VF was immediately terminated after 2 shocks. The repeated ECG showed acute ST-elevation myocardial infarction. Despite in a state of coma, the patient was transferred to the cardiac catheterisation room for primary angioplasty. The left circumflex coronary artery was found to be totally occluded and was stented successfully. The patient was extubated six hours later and the clinical course that followed was uneventful.
Discussion
The key to successful defibrillation for VF is to deliver the shock energy promptly and effectively. Successful defibrillation requires depolarisation of a critical mass of myocardium. Several variables such as the length of time in VF, body type, total energy used, and energy waveform are reported determinants of the success of defibrillation. A higher success rate of defibrillation with biphasic waveforms has been reported compared with monophasic waveforms. [2] [3] [4] Body habitus is an important factor. Obesity and chest size affect the amount of shock energy effectively delivered to the heart. Several studies have demonstrated that monophasic defibrillation shock success is directly related to patients' body weight, and the use of more powerful defibrillators for very heavy patients was suggested by the authors. [5] [6] [7] In a swine model, Zhang et al demonstrated that body mass was the only significant factor predicting low-energy biphasic shock success. At 150 J or higher energy levels, biphasic shock success did not vary with body weight. 8 The total energy used is another impor tant factor for defibrillation success, especially for refractory VF. By using two defibrillators, double sequential external monophasic shocks with a total of 720 J was demonstrated to be effective for refractory VF. 9 Recently, double simultaneous defibrillation with a total of 400 J biphasic shock for refractory VF was reported in an obese patient with a body mass index (BMI) of 39.8 kg/m 2 . 10 The BMI of our patient was 27.5 kg/m 2 . Therefore, body mass seemed to be an unlikely cause of his refractory VF.
Koster et al studied recurrent VF in patients with outof-hospital cardiac arrest who received advanced life support treatment delivered by ambulance personnel and found that of the 2527 shocks observed, 536 (21.2%) shocks failed to terminate VF. 11 These failed shocks were distributed across the population of patients unevenly. A small number of patients accounted for the majority of the failed shocks. Fifty-one patients (11% of the total patients enrolled) had four or more shocks failing to terminate VF during their resuscitation, and accounted for 63% of all failed VF terminations. These 51 difficult-to-defibrillate patients were similar in gender, age, and transthoracic impedance compared with the remaining 416 patients. The authors speculated that the electrode pads were placed incorrectly in these difficult-to-defibrillate patients, resulting in a less optimal path of transthoracic current flow during defibrillation. According to the European Resuscitation Council Guidelines for Resuscitation 2010, the apical paddle should be placed sufficiently laterally in the left midaxillary line, approximately at the level of the V6 ECG electrode. It is also important that the defibrillator operator should always press firmly on handheld paddles to achieve the optimal force of 8 kg in adult in order to have full skin-paddle contact. 12 Adequate paddle force during external defibrillation could decrease transthoracic impedance (TTI). The improved electrical contact at the paddle-skin interface, expulsion of air from the lungs, and a decrease in thoracic volume accounts for no more than 16% of the overall TTI decrease. 13 Cutaneous burns are a common complication in delivering external defibrillation. Damage may result from both thermal heating as a result of the high impedance at the paddle-skin interface, and electroporation of the cell membrane caused by high current density. In a study conducted by Ambler et al, painful cutaneous burns occurred in 72% of patients after external cardioversion. 14 The severity of burn could relate to the number of shocks and the total energy delivered. Burns are greater at the edge than the center of the paddle sites. Finite element analysis has shown that current density would be greatest around the edge of the paddles. Less efficient pressure transmission to the edges of a paddle placed on the curved surface of the chest wall may also contribute to this effect. Compared with monophasic waveform, the use of a biphasic waveform for external direct current cardioversion could reduce the severity of cutaneous burns. 15 As shown in Figure 1A , the marks on the patient skin (arrows) indicated the apical paddle was inappropriately placed, which should be placed more laterally. In Figure 1B , the triangular-shaped skin marks (arrow heads) indicated that during some shock attempts, the apical paddle was moved laterally to the mid-axillary line but was not firmly and evenly pressed against chest wall and there was no full skin-paddle contact. The refractory VF of this patient was clearly due to ineffective delivery of shock energy, which was then terminated immediately after performing standard defibrillation procedure.
When VF occurs, it is critically important to perform a quick and effective defibrillation. The operator should perform the procedure correctly. However, Heames et al found that adherence to the European Resuscitation Council guidelines for defibrillation paddle position was poor, particularly for the apical paddle; only 22% being placed within 5 cm of the position recommended by the guidelines. 16 We recommend that whenever refractory VF occurs, the possibility of ineffective delivery of shock energy should be considered first. By inspecting the skin marks caused by the defibrillator paddles as shown in this case, one can obtain an immediate clue. These skin marks clearly indicated that the causes of refractory VF were incorrect paddle position and inadequate paddle force.
Conclusion
Refractory VF due to incorrect paddle position or inadequate paddle contact is not uncommon. One should keep this lesson in mind when troubleshooting for refractor y ventricular fibrillation. Most importantly, clinicians should make sure that the paddles are placed in the correct positions and firmly pressed against the chest wall before the first shock.
